Coherent Perfect Absorption in Cavity Opto-mechanics 
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We demonstrate the existence of the phenomenon of coherent perfect absorption in a nonhnear 
dynamically active opto mechanical system. This is in contrast to previous works which considered 
linear dielectrics. Since we deal with a dynamical system which we treat microscopically we are able 
to answer previously unanswered question- where the energy resides when coherent perfect absorption 
occurs. The energy is shared between the cavity field and creation of a coherent phonon and can be 
extracted by a perturbation of the external fields or by suddenly changing the Q of the cavity. 

PACS numbers: 42. 25. Hz, 42.50.Wk, 42.65. Sf, 42.25.Bs 



In a very interesting paper Wan et. al. [1| discussed 
the process inverse of lasing in a medium and pointed out 
that at certain frequencies which are determined by the 
intrinsic properties of the medium the input light is com- 
pletely absorbed. This effect has been termed as coherent 
perfect absorption [CPA] and arises from the interference 
of waves travelling to the right and left [3, |3[ . Many pos- 
sible applications of CPA in switches, modulators, and 
filters have been anticipated and hence a variety of sys- 
tems have been examined for the existence of CPA. Many 
systems have been shown to exhibit the CPA-these in- 
clude metamaterials [J], metal dielectric composites and 
metallic gratings a|, plasmonic nanostructures [6|. We 
note that while the theory of the laser [7] has been ex- 
tensively studied using fully microscopic quantum the- 
ory which includes effects of nonlinear gain and quantum 
fluctuations, the corresponding development for CPA is 
missing. In fact, much of the literature on CPA has con- 
centrated on a linear medium with specified properties 
i.e., the development assumes the effect of the medium 
on the propagating fields, however one does not include 
the dynamical changes in the properties of the medium. 
Similarly it would be interesting to examine in analogy 
to laser theory the nonlinear regime of the CPA. 

In this letter we examine the possibility of a system 
which is intrinsically nonlinear and microscopic enough 
so as to examine above mentioned aspects. Another 
question of great importance is-where does the energy 
reside. The CPA results from interference between co- 
herent beams. Thus the question is -is the coherent en- 
ergy converted to heat or the coherent energy resides in 
coherent vibrations of the medium. Our microscopic ap- 
proach shows that the coherent energy indeed gets con- 
verted to coherent internal vibrations of the mirror and 
the cavity field. We consider a system which has been 
studied in cavity opto mechanics [8|, |9J-Here the nonlin- 
earity arises from the radiation pressure interaction be- 
tween the mirror and the cavity field. The dynamics of 
the cavity field and the mirror is completely described 
within the microscopic framework so that one is able to 
monitor dynamical changes in both the cavity field and 



the mechanical mirror. We demonstrate the existence of 
the CPA in such a mechanical system. We present explic- 
itly conditions on the dissipation of the mirror, the cavity 
damping and the power of the pump laser to obtain the 
frequencies at which the CPA occurs. The frequency of 
the CPA can be tailored by changing the power and the 
frequency of the coupling field. This is where the non- 
linearity of the radiation pressure interaction is useful, 
and thus our system can be used as a filter of frequen- 
cies which in turn would depend on the bandwidth of 
the incoming pump laser. We also note that since CPA 
arises from interference, the transmission of fields can be 
restored by changing the conditions for interference. We 
note that the opto mechanical systems are truly remark- 
able as these systems under different conditions exhibit 
both CPA and lasing behavior [lO[. 
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FIG. 1: A double-ended cavity with a moving nanomechancial 
mirror. The qo is the rest position of the moving mirror in 
the absence of radiation. These incoming fields sl and er 
can interfere destructively under certain conditions, so that 
eoutL{i^p) = eoutR{ijJp) — 0. 



The studied system consists of a partially transmit- 
ting movable mirror located around the middle posi- 
tion of the Fabry-Perot cavity formed by two fixed mir- 
rors with finite equal transmission jll|, as shown in Fig. 
[2 The cavity field is driven by a strong coupling field 
with frequency Wc and the amplitude Sc from the left- 
hand side of the cavity. Meanwhile, two weak probe 
fields with identical frequency LOp are sent into the cav- 
ity from the opposite sides of the cavity, respectively, 
their complex amplitudes are denoted by sl and er, 



respectively. The movable mirror makes small oscilla- 
tions under the action of the radiation pressure force 
exerted by the photons within the cavity. In turn, the 
mechanical displacement q modifies the cavity resonance 
frequency, represented by u!o{q). We assume that the 
movable mirror is placed at the node of the frequency 
wo(g) of the cavity field, thus u!o{q) depends linearly on 
the mechanical displacement g, uio{<l) = ^o + 91, where 
cjQ is the resonance frequency of the cavity in the ab- 
sence of the moving mirror, the optomechanical coupling 
rate g depends on the transmission T of the movable 
mirror q = 's'"! ~io) (_Jia^) X2l, where k is 

^ V(i-r)-i-cos2(2feqo) V ^/2y ■ '" 

the wave vector of the cavity field, go is the rest position 
of the moving mirror in the absence of radiation. Here, 
the macroscopic movable mirror is treated as a quantum 
oscillator with effective mass m and resonance frequency 
idm ■ The Hamiltonian of the system in the rotating frame 
at the frequency of the coupling field Wc is 

H = h{uJo - <jJc)cJc + hgcJcq + -mujl-^q^ + — 
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where c (c^) is the bosonic annihilation (creation) op- 
erator of the cavity mode with commutation relation 
\ctC^] = 1, p is the momentum operator of the movable 
mirror, the amplitude £c of the coupling field is deter- 
mined by the power p of the coupling field £c = J j^ , 
and S is the detuning between the probe field and the 
coupling field. It will be more convenient to write the 
position and momentum operators of the mirror in terms 
of the annihilation operator (b) and creation operator (6^) 

of the mirror with [b,b^ = I, q = J r^J^^ (b + b^), and 
{b^ — b) , the Hamiltonian of the system can 
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— — is the frequency shift of the cav- 

ity field induced by the zero-point motion of the mir- 
ror. On including the leakage of photons from the cavity 
and the thermal fiuctuations of the mirror, the quantum 
Langevin equations for the operators of the mechanical 
and optical modes, in the Heisenberg picture, are given 
by 
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Here 7m is the mechanical damping rate due to the cou- 
pling of the movable mirror to the thermal environment, 
2 k is the cavity photon decay rate due to transmission 
losses through each end mirror of the cavity, &„ is the 
thermal noise on the movable mirror with zero mean 
value, Cin (din) is the input quantum vacuum noise from 
the left- (right-) hand side of the cavity with zero mean 
value. 

In the absence of the probe fields el and br, the mean 
values in the steady state can be obtained from (3) by 
factorization (cb) = (c)(6) etc. 



(b) = bs^- 

(c) = c 
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where A — loq — ojc + 9o{bs + b*) denotes the effective 
detuning between the cavity field and the coupling field, 
including the frequency shift caused by the mechanical 
motion, b^ determines the mechanical displacement at 
the steady state, and Cs is the cavity field amplitude at 
the steady state. 

To solve the nonlinear coupled equations ([3]) , we write 
each operator as the sum of the mean value and the 
small quantum fluctuation around this mean value i.e., 
b = bs + Sb and c — Cs + Sc, where Sb « \bs\ and 
i5c << \cs\- Inserting them into Eq. ([3]), keeping only the 
linear terms, we obtain the linearized quantum Langevin 
equations 



Sb 
Sc 



7" 



-igo{clSc + CgSc^) - iuj^Sb '^Sb + y/j^bin, 



-{2k + iA)Sc - igoCs{Sb + Sb^) 



Slg 



-iSt 



+£Re 



-iSt 



ZirxiCji 



ZirXiQij' 



(5) 



Moving into another interaction picture by introducing 
the slowly moving operators with tildes, Sb — (56e~*"'"*, 
Sb^n = ^6i„e"'"™*, Sc = <5ce"*^*, Sa^ = (5c™e~*^', 
Sdin = Sdine~^ , the linearized quantum Langevin equa- 
tions become 



,56 = -igolclSce-'^"^-"'-^' + c,<5<5teKA+^„)t] _ lll^i 



ZirhCLj' 
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If the cavity is driven by a coupling field at the mechan- 
ical red sideband A ~ ujm, the system is operating in 
the resolved sideband regime tOm » k, the mirror has a 
high mechanical quality factor aj,„ >> 7,„, and the me- 
chanical frequency uJm is much larger than 5o|cs|, the fast 
oscillating terms e^^'"™* in Eq. ^ can be ignored, Eq. 



([6]) simplifies to 
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where x = 5 — Um, the detuning of the probe field from 
the cavity resonance frequency. Then we examine the 
expectation values of the small fluctuations, and note 
that the mean values of the quantum and thermal noise 
terms are zero, one has 



{6b) = -^goc:{Sc)-^{Sb), 
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We assume that the solution to the coupled differential 
equations Eq. (|8]) has the following form 



{5~s) = 5s+e-"*+(5S_e'' 



(9) 



where s = 6 or c, (5s+ and (5s_ are the components of {5s) 
oscillating at Wp — Wc and ujc — i-^p in the rotating frame 
at frequency ujc, respectively. Substituting Eq. (|9]) into 
Eq. dS]), we obtain 
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where G — go\cs\ is the effective optomechanical coupling 
rate, which is related to the power p of the coupling field. 
The output fields of the two sides of the cavity can be 
derived by the input-output relations [13|. They yields 



eoutR + £Re "* = 2k{6c), 
£outL +£Le""* = 2k{Sc). 

Similarly, we write the output fields as 

-. ^ j^ tXt I ^ IX L 

£outR — £outR+£ +£outR-S , 

c — c" /p ixt I _ ixt 
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where eoutR+ and eoutL+ are oscillating at frequency ujp 
in the original frame, £outR- and SoutL- are oscillating 
at frequency 2ll!c — ujp in the original frame. From Eqs. 
pT|) and ^T2\i . we obtain the output fields at the probe 
frequency 



£outR+ = 2k.5c+ - Er, 
£outL+ = 2k5c+ — El- 
We find if the conditions 

£r = £l, 
7m = 4k, 

X = ujp — bJc. — oj„i = ±v G^ — 4k2, G > 2k, 

^2 _ 2 2kP 



(13) 
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are satisfied, then the output fields are zero 

£outR.+ — £outL+ — 0. 



(15) 



Therefore, the input probe fields are fully absorbed by 
this nonlinear optomechanical system without being re- 
flected or transmitted. This is the result of the destruc- 
tive interference between the reflected light of say left go- 
ing probe field and the transmitted light from the probe 
field on the right. Hence this optomechanical system can 
achieve CPA. To make x = iVG^ — 4^^ real, the effec- 
tive coupling rate should be not less than the total cavity 
photon decay rate, i.e., G > 2k. For G = 2k, the CPA 
happens at a; = 0, which means that the probe fields are 
resonant with the optical cavity. Further, by adjusting 
the power of the coupling field, the optomechanical sys- 
tem can entirely absorb the incoming two probe fields 
with equal frequency at tUp — uJc + ^m i \/G^^—Ak?. 
Clearly the transmission can be restored by changing any 
of the three conditions in Eq. (|14p . One simple way is 
by changing the relative phase between el and er. 

Next we examine the question where the energy resides 
when CPA occurs. For this purpose, we examine the 
intracavity probe photon number |(5c-f p and the quantum 
excitation |5&+P in the movable mirror when the perfect 
absorption happens. Substituting Er = £/,, 7,„ = 4k, 
and x = ±VG'^ - Ak^ into Eq. ((lOl), we find that the 
normalized intracavity probe photon number, defined as 
the ratio of the intracavity probe photon number |^c+p 

|£R.|2 



versus the intracavity probe photon number 1 1^ | 
without the coupling field, is 
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From Eq. ([TOl) . when er — El, Im — 4k, and x 
■iz^/G"^ — 4k2, the normalized mechanical excitation is 



4k^ 



\£l\ 
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-.\^K? = \- 
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Therefore, when the perfect absorption occurs, the intra- 
cavity probe photon number is equal to the mechanical 
excitation. Thus the energy of the input probe fields 
are totally transferred into the cavity field and the mov- 
able mirror, which have equal excitation. Further both 
the cavity mode and the phonon mode are coherently 
excited. 

In the following, we numerically evaluate the output 
probe photon number, the intracavity probe photon num- 
ber, and the mechanical excitation to show the effect of 
the power of the coupling field on CPA. The normal- 
ized output probe photon number | ^°"*-"+ p (| ^°"*-^+ |2'j^ 

the normalized probe photon number -. — ^^. — ra-IJc+P 

\£ L I ~r \£ Ft I 

in the cavity, and the normalized mechanical excitation 
I p^, |:j |(5b-|-p as a function of the probe detuning x 
for different effective coupling rates (G = 2k, 4k, 6k) are 
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FIG. 2; (Color online) The normalized output probe photon 
number |££iiLS±|2 (| ^°"ti/+ |2-| ^^ ^^ function of the probe de- 
tuning X — Ljp ~ LJc — ij^m- The solid, dotted, and dashed 
curves are for different pumping rates G = 2k, 4k, 6k. 



FIG. 3: (Color online) The normalized probe photon num- 
ber I — TTTTT — rs'l^c+p in the cavity as a function of the probe 
detuning x. The solid, dotted, and dashed curves are for dif- 
ferent pumping rates G = 2k, 4k, 6k. 
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4k or 6k, one can 

£outR+ — £oiLtL+ = 0, 

\5b 



£outL + 

= \. These 
m and 



resuhs are consistent with the analytical results 
([T7]). In addition, in the strong coupling regime G > 2k, 
two dips or two peaks appear in the output probe field, 
the intracavity probe field, and the mechanical excita- 
tion, this is the optomechanical normal mode splitting 
14L |l5| in the pump probe response of the 



phenomenon 
optomechanical system 
which has poles at a; = 



[iGJ I as is seen from Eq. P^ 
±G - 2iK. For G = 2k, the 
width and the location of the poles are comparable and 
this is the reason for broad structure at a; = in the 
mechanical excitation. 

In conclusion, we have given one of the first examples 
of a microscopic nonlinear system, namely, the optome- 
chanical system which can exhibit CPA. We presented 
explicit results for an optomechanical setup formed by a 
vibrating mirror within a Fabry-Perot cavity under the 
action of a strong coupling field. We showed that the 
energy of the incoming probe fields is shared by the in- 
tracavity field and the movable mirror as they propagate 
through the optomechanical system. Further, we showed 
that our optomechanical system can absorb the incident 
probe fields spanning a broad range of frequencies by 
varying the power and the frequency of the coupling field 
as long as the optomechanical interaction is not slower 
than the irreversible processes due to loss of photons out 
of the cavity mode G > 2k. This property is clearly use- 
ful for filtering out frequencies for example from a probe 
pulse by using a pump with an appropriate spectral dis- 
tribution. For the optomechanical system, the absorbed 




FIG. 4: (Color online) The normalized mechanical excitation 
I — 4^^ — nTl<5&4-P as a function of the probe detuning x for 
different pumping rates G — 2k, 4k, 6k. 



energy is stored in the coherent excitations of the mir- 
ror and the cavity, and thus the energy can be extracted 
by applying external perturbation fields or by suddenly 
decreasing the cavity quality factor Q. 
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